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1. INTRODUCTION 

Although a voluminous l i t e r a t u r e  e x i s t s  concerning t h e  s tudy  o f  coa l  char-gas 
r e a c t i o n  sys tems,  t h e  unde r s t and ing  of t h e  a c t u a l  mechanisms and t h e  r o l e s  of hea t  
and mass t r a n s p o r t  i n  t h e  o v e r a l l  conve r s ion  p rocess ,  a r e  s t i l l  f a r  from complete. 
One d i f f i c u l t y  i n  de te rmining  i n t r i n s i c  r e a c t i o n  mechanisms i n  many previous  
s t u d i e s  can  be a t  l e a s t  p a r t i a l l y  a t t r i b u t e d  t o  t h e  u s e  o f  " s t eady- s t a t e "  condi- 
t i o n s .  
p l a u s i b l e  models which a l l  y i e l d  roughly  t h e  same o v e r a l l  g a s i f i c a t i o n  r a t e .  Dis- 
c r imina t ion  among c a n d i d a t e  models i s  d i f f i c u l t  under  t h e s e  cond i t ions ,  and the re  
i s  no guarantee  t h a t  t h e  model f i n a l l y  s e l e c t e d  a c t u a l l y  r e f l e c t s  t h e  t r u e  mech- 
anism over  a wide range  of o p e r a t i n g  cond i t ions .  
ments r evea l  r e l a t i v e l y  l i t t l e  concern ing  t h e  d e t a i l e d  sequence of elementary s t e p s  
t h a t  c o n s t i t u t e s  t h e  i n t r i n s i c  r e a c t i o n  mechanism. 

In  a d d i t i o n  t o  d i f f i c u l t i e s  i n  model d i s c r i m i n a t i o n ,  t h e  types  of l abora to ry  
r e a c t o r s  which have been used  i n  c o a l  g a s i f i c a t i o n  k i n e t i c  s t u d i e s  may have a l s o  
con t r ibu ted  t o  d a t a  i n t e r p r e t a t i o n  problems t h a t  a r e  we l l  known f o r  heterogeneous 
c a t a l y t i c  systems [ e . g . ,  see ( 1 - 3 ) J .  

i n  o rde r  t o  deve lop  a fundamental  d e s c r i p t i o n  of t h e  r e a c t i o n  mechanisms of t h e  
heterogeneous c o a l  char -gas  r e a c t i o n s  us ing  an exper imenta l  system and techniques  
which a l low t h e  elementary s t e p s  t o  be b e t t e r  i d e n t i f i e d .  More s p e c i f i c a l l y ,  t h e  
approach invo lves  t h e  a p p l i c a t i o n  of a "g rad ien t l e s s "  r e a c t o r  system coupled with 
a supersonic ,  modulated molecular  beam mass spec t rometer ,  and t r a n s i e n t  response 
techniques  t o  cha r  g a s i f i c a t i o n  k i n e t i c  s t u d i e s .  The t r a n s i e n t  behavior  of a reac-  
t i o n  system a s  it proceeds  from one  s t e a d y - s t a t e  t o  ano the r  upon p e r t u r b a t i o n  of 
system s t a t e  v a r i a b l e s  e x h i b i t s  c h a r a c t e r i s t i c s  r e f l e c t i v e  o f  t h e  n a t u r e  o f  the de- 
t a i l e d  k i n e t i c  mechanism. Fur thermore ,  i n  a d d i t i o n  t o  t r a n s i e n t  d a t a ,  t h e  usua l  
s t e a d y - s t a t e  r e s u l t s  a r e  a v a i l a b l e  as well .  
employed as an a i d  i n  model d i s c r i m i n a t i o n ,  mechanism de te rmina t ion ,  and, u l t ima te -  
l y ,  parameter e s t i m a t i o n .  

(1) it s i m p l i f i e s  t h e  mathemat ica l  a n a l y s i s  of  t h e  t r a n s i e n t  d a t a  due  t o  t h e  r e s u l t -  
a n t  lumped parameter d e s c r i p t i o n  o f  t h e  t r a n s i e n t  response ;  and (?) i t  s i g n i f i c a n t l y  
reduces  t h e  in f luence  of i n t e r p h a s e  mass and hea t  t r a n s p o r t  g r a d i e n t s .  
p a l  advantages of t h i s  type  of r e a c t o r  ove r  o t h e r  common r e a c t o r  t ypes  have been 
well documented i n  t h e  l i t e r a t u r e  [ e . g . ,  see (3-11)J .  

F i n a l l y ,  i n  o rde r  t o  o b t a i n  t h e  t r a n s i e n t  d a t a ,  t h e  r e a c t o r  must be  coupled t o  
a r e spons ive  a n a l y t i c a l  t echn ique  which a l lows  cont inuous  measurement o f  t h e  t r ans -  
i e n t  product concen t r a t ions .  
wi th  the t r a n s i e n t  response  method. On- l ine  mass spec t romet ry  has  been employed by 
s e v e r a l  r e s e a r c h e r s  i n  s t u d i e s  o f  t h e  d e v o l a t i l i z a t i o n  of  coa l  under vacuum condi- 
t i o n s  (12-14). Rapid sampling w h i l e  o p e r a t i n g  a t  t h e  h igh  p r e s s u r e s  r e l e v a n t  t o  t h e  
p r e s e n t  s tudy  can  be  accomplished by a l lowing  t h e  product  gases  a f t e r  p re s su re  le t -  
down t o  expand through a son ic  o r i f i c e  a s  a supe r son ic ,  a d i a b a t i c  f r e e  j e t  i n t o  a 
d i f f e ren t i a l ly -pumped  vacuum system. 
" f reezes"  t h e  r e l a t i v e  composi t ions  of t h e  product gases  when the  samplcd gas  a t -  
t a i n s  molecular f low.  
formed. 

The r e s u l t s  o f  such  exper iments  can  be  expla ined  equa l ly  well by a few 

Also, "s teady-s ta te"  r a t e  measure- 

The primary o b j e c t i v e  o f  t h e  c u r r e n t  work is t o  overcome most of  t h e s e  problems 

Thus t h e  t r a n s i e n t  response  method i s  

The u s e  of an i n t e r n a l  r e c y c l e ,  "g rad ien t l e s s "  r e a c t o r  s e r v e s  a dua l  purpose: 

The p r inc i -  

Mass spec t romet ry  is one such  technique  compatible 

The r ap id  expansion i n t o  t h e  vacuum 

By skimming t h e  c o r e  of the j e t ,  a molecular beam can be 
ThC r e s u l t a n t  beam i s  f u r t h e r  modulated t o  d i s c r i m i n a t e  between t h e  in -  
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Stantaneous behavior  of t h e  beam s p e c i e s  and t h e  same s p e c i e s  i n  t h e  background 
of t h e  mass spectrometer  vacuum envelope (15,16) .  

The adap ta t ion  of t h e s e  techniques t o  t h e  c u r r e n t  purpose is s e t  for th-below.  
The char-carbon d i o x i d e  r e a c t i o n  system i s  used t o  i l l u s t r a t e  t h e  e f f i cacy  of t h e  
approach. 
i n  a s i m i l a r  manner. 

Other char-gas  r e a c t i o n  systems and r e l a t e d  s t u d i e s  a r e  being pursued 

2 .  EXPERIMENTAL 

2 . 1 .  System Desc r ip t ion  
A schematic of t h e  experimental  appa ra tus  developed f o r  t h e  c u r r e n t  t r a n s i e n t  

k i n e t i c  s t u d i e s  i s  p resen ied  i n  F igu re -1 .  

automatic  switching gas  a d d i t i o n  v a l v e  network f o r  gene ra t ing  c o n c e n t r a t i o n  pe r -  
t u r b a t i o n s  under cond i t ions  of cons t an t  f l owra te ,  t empera tu re ,  and p r e s s u r e ;  and 
( c )  a supersonic ,  modulated, molecular  beam mass spec t romete r  f o r  measuring t h e  
t r a n s i e n t  behavior of  t h e  concen t r a t ions  of  t h e  product  g a s e s .  

A t y p i c a l  experimental  run  might proceed i n  t h e  fo l lowing  manner. 
s t a t e  i s  f i r s t  e s t a b l i s h e d  wi th  i n e r t  gas  ( e . g . ,  argon) f lowing through t h e  reac-  
t o r  (maintained a t  t h e  d e s i r e d  temperature  and p r e s s u r e ) ,  and w i t h  r e a c t a n t  gas  
( e . g . ,  carbon dioxide)  f lowing through t h e  purge l i n e .  A t  t ime ze ro ,  t h e  i n e r t  
gas i s  ins t an taneous ly  r ep laced  by t h e  r e a c t a n t  gas  now f lowing through t h e  reac-  
t o r ,  and t h e  r e a c t i o n  i s  the reby  i n i t i a t e d .  
a s  t o  i n s u r e  t h e  same volumetr ic  f lowra te  through t h e  r e a c t o r ,  i n  s p i t e  of t h e  
change i n  gas  spec ie s .  Th i s  r e s u l t s  i n  a wel l -def ined s t e p  f u n c t i o n  i n c r e a s e  of 
t h e  r e a c t a n t  t o  t h e  r e a c t o r .  The t r a n s i e n t  response of t h e  r e a c t i o n  system to 
t h i s  p e r t u r b a t i o n  is then monitored with t h e  beam sampling system a t  t h e  r e a c t o r  
e x i t .  

The experimental  system has been designed t o  o p e r a t e  a t  c o n d i t i o n s  r e l e v a n t  t o  
commercial coa l  g a s i f i c a t i o n  cond i t ions  ( e . g . ,  up t o  500 p s i  a t  140D°F, and even 
higher  p re s su res  a t  lower t empera tu res ,  a s  determined p r i m a r i l y  by t h e  manufactur- 
e r ' s  s p e c i f i c a t i o n s  f o r  t h e  r e a c t o r ) .  Also,  t h e  r e a c t o r  space  t ime ( t h e  r a t i o  of 
t h e  r e a c t o r  gas phase volume t o  t h e  vo lumet r i c  f lowra te )  can be v a r i e d  over  t h e  
range 0.01 - 1 . 0  min. 

gene ra l  overview of  t h e  appa ra tus  and its mode of  o p e r a t i o n .  
cuss ion  of t h e  important  and i n t e r e s t i n g  d e t a i l s  of  t h e  development of  t h e  appa- 
r a t u s ,  and t h e  adap ta t ion  of  t r a n s i e n t  k i n e t i c  techniques t o  cha r  g a s i f i c a t i o n ,  

E s s e n t i a l l y ,  it c o n s i s t s  o f :  (a) a 
I cont inuous gas  flow, f i x e d  s o l i d s ,  "g rad ien t l e s s "  (Berty- type)  r e a c t o r ;  (b) an 

Steady- 

The swi t ch ing  i s  done i n  such a manner 

The preceeding,  n e c e s s a r i l y  b r i e f  d e s c r i p t i o n  i s  intended t o  convey on ly  a 
For a thorough d i s -  

7 s e e  r e f e r e n c e  (171. .~ 
2 . 2 .  System Performance 

Reactor mixing performance curves were obtained by imposing s t e p  changes i n  
t h e  r e a c t o r  feed from argon t o  carbon d i o x i d e  a t  c o n s t a n t  vo lumet r i c  f l o w r a t e ,  
p r e s s u r e ,  and temperature ,  and r eco rd ing  t h e  r e s u l t a n t  t r a n s i e n t  response.  Due t o  
cons ide rab le  adso rp t ion  of t e s t  gases  by t h e  cha r ,  nonporous 3 mm g l a s s  beads were 
used i n  the  basket  f o r  t h e s e  s t u d i e s .  The r e s u l t a n t  d a t a  were a l l  c l e a r l y  expo- 
n e n t i a l ,  i n  accordance with well-mixed r e a c t o r  behav io r ,  and t h e  corresponding t ime 
c o n s t a n t s  were c l o s e  t o  expected v a l u e s .  The t o t a l  gas mixing volume deduced from 
t h e s e  experiments was found t o  be 241.4 cm3, which i s  q u i t e  r easonab le  i n  view Of 

t h e  f a c t  t h a t  t he  t o t a l  i n t e r n a l  r e a c t o r  volume i s  275 cm3, of  which approximately 
30 cm3 is presumed t o  be dead volume loca ted  beneath t h e  i m p e l l e r .  

I n  o rde r  t o  a s s e s s  t h e  r e l a t i v e  i n f l u e n c e  of  i n t e r p h a s e  h e a t  and mass t r a n s f e r  
on i n t r i n s i c  chemical k i n e t i c  r a t e s ,  t h e  r e a c t o r  i n t e r n a l  r e c y c l e  r a t i o ,  R ,  and 
s u p e r f i c i a l  v e l o c i t y ,  vo, through t h e  cha r  bed were determined by measuring t h e  
p r e s s u r e  drop a c r o s s  t h e  cha r  bed i n  t h e  same manner a s  desc r ibed  by Berty (18);  
i . e . ,  R = A vo/q,  where A is t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  baske t  (20.27 cm2) 
and q i s  t h e  volumetr ic  f l o w r a t e  a t  r e a c t o r  cond i t ions .  For t y p i c a l  experimenta! 
cond i t ions  with space t ime T = 15 s,  f r e e  gas  volume Vg = 220 cm3 (Vg 7 241.4 cm3 
- N/pS ,  where W i s  t h e  weight of d r y  cha r  i n  t h e  baske t ,  p s  i s  t h e  s o l i d  d e n s i t y  
and 241.4 cm3 i s  t h e  t o t a l  f r e c  g a s  volume i n  the  r e a c t o r  from t h e  g l a s s  beads 
expe r imen t s ) ,  and impe l l e r  speed of 2800 RPM, t h e  s u p e r f i c i a l  gas  v e l o c i t y  d e t e r -  

? 
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mined from our  c a l i b r a t i o n  i s  vo = 13.72 cm/s (0 .45  f t / s ) .  With a f lowra te  of  
q = 14.67 cm3/s t h e  r e c i r c u l a t i o n  r a t i o  i s  R = 19, which i s  s u f f i c i e n t  t o  guaran- 
t e e  good mixing and g r a d i e n t l e s s  o p e r a t i o n .  

The i n f l u e n c e  of i n t e r p h a s e  mass t r a n s f e r  l i m i t a t i o n  on measured k i n e t i c s  fo r  
a p a r t i c u l a r  s e t  of  experimental  c o n d i t i o n s  can be a s ses sed  from t h e  Damkohler num- 
b e r ,  Da = klCs (l-B)/k,a,/RT), which i s  t h e  r a t i o  of t h e  r e a c t i o n  r a t e ,  ( a s  repre-  
sented by t h e  t i n e t i c  rate c o n s t a n t  f o r  t h e  oxygen-exchange r e a c t i o n ;  s e e  below), and 
t h e  e f f e c t i v e  i n t e r p h a s e  mass t r a n s f e r  c o e f f i c i e n t  f o r  C 0 2  which can be estimated 
from t h e  j - f a c t o r  f o r  i n t e r p h a s e  mass t r a n s f e r ,  j ( e . g . ,  s e e  (19 ) ,p .395) .  For the 
experimental  c o n d i t i o n s  used i n  t h e  c u r r e n t  work,[) i t  was found t h a t  1 x 10-6<Da< 9 x 

p o r t .  The r e l a t i v e  importance of i n t r a p h a s e  d i f f u s i o n  i s  considered i n  t h e  Discussion. 
The i n t e r p h a s e  h e a t  t r a n s f e r  l i m i t a t i o n  can  a l s o  be eva lua ted  from t h e  Damkohler 

number by making u s e  of  t h e  Chil ton-Colburn analogy between mass and h e a t  t r a n s f e r  i n  
packed beds ( e . g . ,  s e e  (19 ) ,  p .  396) .  For t y p i c a l  r e a c t i o n  c o n d i t i o n s ,  assuming a 
h e a t  of r e a c t i o n  of  i 41 .23  kca l /g  mol f o r  t h e  o v e r a l l  C02 - c h a r  g a s i f i c a t i o n  reac-  
t i o n ,  t h e  est imated t empera tu re  d i f f e r e n c e  between t h e  s u r f a c e  of t h e  cha r ,  Ts,  and 
t h e  bulk f l u i d ,  Tb, i s  5 x < (Tb-Ts)/Tb < 4 x 
t i n g  temperature  l i k e  972 K ,  (Tb - TS) can be a s  l a r g e  a s  4OC. Actual  temperature 
d i f f e r e n c e s  between t h e  s o l i d  and g a s  i n  t h e  c h a r  bed a r e  expected t o  be l e s s  than 
t h i s  due t o  r a d i a t i o n .  The re fo re ,  i t  c a n  be conse rva t ive ly  s t a t e d  t h a t  t h e  i n t e r -  
phase h e a t  t r a n s f e r  l i m i t a t i o n  i s  no t  s i g n i f i c a n t  i n  t h e  c u r r e n t  s t u d i e s .  

Based upon t h e  p receed ing  performance d a t a  and numerical  e s t i a m t e s ,  t h e  par- 
t i c l e  s i z e  of t he  a c t i v a t e d  coconut  (Fischer)  c h a r  s e l e c t e d  f o r  t h e  experiments re- 
po r t ed  on h e r e  was > 14 mesh. With an average p a r t i c l e  d i ame te r  of about 1 .6  mm, 
t h e  r e s u l t a n t  s u p e r f i c i a l  v e l o c i t y  through t h e  cha r  bed a t  maximum impe l l e r  RPM 
should e f f e c t i v e l y  e l i m i n a t e  i n t e r p h a s e  h e a t  and mass t r a n s f e r  g r a d i e n t s ,  and pro- 
v i d e  a r e l a t i v e l y  high i n t e r n a l  r e c y c l e  r a t i o  f o r  space t imes i n  t h e  range of 12 t o  
20s,  t h a t  were found t o  be optimum f o r  t h e  c u r r e n t  experiments .  

3 .  KINETIC MODELING 

S i n c e  Da<<l, t h e  r e a c t i o n  i s  d e f i n i t e l y  n o t  l i m i t e d  by i n t e r p h a s e  mass t r ans -  

Thus, f o r  a high opera- 

The gene ra l  t r ea tmen t  o f  t r a n s i e n t  k i n e t i c  models i s  o u t l i n e d  by Bennett (20) 
I n  e s sence ,  t h e  t r a n s i e n t  mass balances f o r  t h e  spec ie s  

I n t e g r a t i o n  of t h i s  system of equa- 

and C u t l i p  e t  a l .  (21) .  
i n  t he  r e a c t i o n  system y i e l d  a set of d i f f e r e n t i a l  equat ions which d e f i n e s  the  
model f o r  t h e  p a r t i c u l a r  mechanism assumed. 
t i o n s  r e s u l t s  i n  t h e  t r a n s i e n t  cu rves  of t h e  va r ious  s p e c i e s ,  which can then be 
used f o r  parameter s e n s i t i v i t y  s t u d i e s ,  and a l s o  f o r  parameter e s t i m a t i o n  by com- 
p a r i s o n  with corresponding experimental  d a t a .  

In o rde r  t o  i l l u s t r a t e  t h i s  approach,  cons ide r  t h e  s imple two-step mechanism: 

R1) 

c [ O l  A co + C f  R2) 

kl co2 + Cf _tL co + C[O] 
k 

which i s  imbedded i n  a l l  known CO? g a s i f i c a t i o n  k i n e t i c  mechanisms, and was found 
t o  adequately r e p r e s e n t  t h e  d a t a  i n  the  c u r r e n t  work. 

I f  Cso, CO, x ,  E, and P i  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  a c t i v e  s i t e  concentra-  
t i o n i n  g mol/g mol C ,  t h e  i n i t i a l  t o t a l  g mol of  carbon,  t h e  f r a c t i o n a l  conversion, 
t h e  f r a c t i o n a l  s u r f a c e  coverage o f  t h e  complex, and t h e  p a r t i a l  p r e s s u r e  of  spe-  
c i e s  i i n  t h e  gas phase,  t h e  fo l lowing  r a t e  expres s ions  r e s u l t  f o r  t h e  preceeding 
mechanism: 

rl = C s o C o ~ l - x ~ [ k ~ ~ l - e ~ P C O  I 1) 

r2 = CsoCo(l-x) [k281 2) 
2 

Assuming a g r a d i e n t l e s s  r e a c t c  ) r ,  a mass balance on each s p e c i e s  y i e l d s :  

pCoq-6) - pco2 rlRT 
co2: d%O2 f - -  

7 
g 

-df= v 
3) 
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dx - 2 C:  
cO 

d t  

'Ar = 'COZf - 'C02 - 'CO 
I n e r t  gas (Ar):  

r - R T T  

7) 

where 6 = L (due t o  t h e  i n c r e a s e  i n  gas  volume upon r e a c t i o n )  V P  
C02f 

Pt = t o t a l  system p res su re ,  atm 

"'2f r e a c t o r  i f  f eed  i s  pu re  C02),  atm 

T 

V = r e a c t o r  gas  phase volume, cm 

q = volumetr ic  f l o w r a t e  a t  r e a c t o r  cond i t ions ,  cm3/min 

T = r e a c t i o n  temperature ,  K 

R = un ive r sa l  gas  c o n s t a n t ,  atm.cm /K.g mol 

= p a r t i a l  p r e s s u r e  of C 0 2  i n  t h e  f eed  ( a l s o  t o t a l  p r e s s u r e  of 

Vg/q;  r e a c t o r  space t ime  evaluated a t  r e a c t o r  c o n d i t i o n s ,  min = 
3 

g 

3 

1 -1 The u n i t s  f o r  t he  r a t e  parameters  a r e  kl = [min-'atm- ] and k2 = [min 1 .  
The i n i t i a l  cond i t ions  fo r  a pu re  CO2 f eed  a t  t ime t = 0 a r e :  

Pco2 = Pco = e = x = 0 

'Ar = 't 8) 
1 

Equations 1 through 8 c o n s t i t u t e  t h e  model f o r  t h e  r e a c t i o n  system with dependent 
v a r i a b l e s  Pco , Cco. PAr, 9,  and x ,  and parameters  C so, k l ,  and k 2 .  

s i t e  concen t r a t ion ,  Cso ,  has a pronounced e f f e c t  on t h e  p roduc t ion  of  CO,  b u t  t h e  
shape of  t h e  t r a n s i e n t  cu rve  remains r e l a t i v e l y  unchanged. 
p o s i t i o n  i n  time of t h e  "overshoot" o f  t h e  CO responses  f o r  both mechanisms a r e  
q u i t e  s e n s i t i v e  t o  t h e  k i n e t i c  r a t e  parameters  k l  and k2. 
k 2  a r e  q u a l i t a t i v e l y  i l l u s t r a t e d  i n  F igu re  2 .  
due t o  l a r g e  va lues  of  kl .  wh i l e  t h e  " l eve l ing -o f f "  i s  a s s o c i a t e d  with l a r g e  k 2  
va lues .  

44  and 28) a r e  c o r r e c t e d  t o  y i e l d  t h e  n e t  CO product ion cu rve  due t o  r e a c t i o n  
(from t h e  fragmentat ion c o e f f i c i e n t  measured f o r  C02),  and 
p a r t i a l  p r e s s u r e  d a t a  (from t h e  r e l a t i v e  s e n s i t i v i t y  measured f o r  CO and C02) , , t h e  
nex t  s t e p  i s  t o  determine a b e s t  parameter  s e t  f o r  t h e  proposed mechanism. 
is done by minimizing t h e  l e a s t  squa res  o b j e c t i v e  f u n c t i o n ,  

2 
From simulated CO t r a n s i e n t  response r e s u l t s ,  i t  was found t h a t  t h e  a c t i v e  

However, t h e  shape and 

The e f f e c t s  of k l  and 
I t  i s  noted t h a t  t h e  "overshoot" i s  

Once the raw d a t a  ( i . e . ,  t r a n s i e n t  cu rves  o f  t h e  modulated s i g n a l s  f o r  m/e = 

t hen  converted t o  CO 

Th l s  

2 9. rl 

k = l  i = l  
Q = E [ ( Y i k  - Yik)/Yikj 9 )  

(where t h e  s u b s c r i p t  i k  r c p r e s c n t s  t h e  i t h  v a r i a b l e  a t  t ime k ,  wi th:  
i = i ,  . . . , n ;  t h e  number o f  v a r i a b l e s  used i n  t h e  

op t imiza t ion  p rocess ,  
k = i, . . . ,  ; t h e  t ime i n t e r v a l s  
yik = experimental  p o i n t  ( p a r t i a l  p r e s s u r e  d a t a ) ,  

Yik = pred ic t ed  v a l u e  from t h e  model, 

9 
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us ing  a Marquardt-type t echn ique  (22 ) ,  coupled with a Green 's  f u n c t i o n  method (23) 
t o  determine t h e  necessa ry  f i r s t  o r d e r  s e n s i t i v i t y  c o e f f i c i e n t  ma t r ix ,  S = ay/ag. 
I n  e s sence ,  t h e  parameter  e s t i m a t i o n  procedure c o n s i s t s  of s o l v i n g  t h e  % % % 

equat ions r e s u l t i n g  from minimizing t h e  o b j e c t i v e  f u n c t i o n ,  Equation 9 ,  based on 
l o c a l  l i n e a r i z a t i o n  of t h e  model about t h e  i n i t i a l  guess  parameter  s e t ,  B . This  
s o l u t i o n  y i e l d s  t h e  v e c t o r  of  parameter  changes,  Ab.,  which i n  t u r n  give5Othe next 
b e s t  e s t i m a t e  of t h e  parameter s e t  t o  minimize 0. 
the  o b j e c t i v e  f u n c t i o n  meets an accep tab le  p r e s e t  t o l e r a n c e .  
only one v a r i a b l e ,  P , was used i n  t h e  o p t i m i z a t i o n  of  t h e  o b j e c t i v e  func t ion  f o r  
parameter estimationCProm t h e  experimental  t r a n s i e n t  d a t a .  
t h i s  v a r i a b l e  i s  t h e  most s e n s i t i v e  t o  t h e  p a r t i c u l a r  model used,  while  Pco2 and 
PA, a r e  l e s s  so. 

4 .  RESULTS 

t i c l e  s i z e s  of a c t i v a t e d  coconut  (Fischer)  cha r  a r e  presented i n  F igu res  3 and 4. 
I n  t h e s e  f i g u r e s ,  t h e  c h a r a c t e r i s t i c  "overshoot" of  t h e  oxygen-exchange r e a c t i o n ,  
R 1 ,  a s  we l l  a s  t h e  " l eve l ing -o f f "  of  t h e  t r a n s i e n t  cu rves  due t o  t h e  carbon gas i -  
f i c a t i o n  r e a c t i o n ,  R 2 ,  a r e  c l e a r l y  ev iden t .  As p r e d i c t e d  by t r a n s i e n t  response 
s imula t ions ,  sma l l e r  space  t imes r e s u l t  i n  a sha rpe r  "overshoot" and a lower 
q u a s i - s t e a d y - s t a t e  l e v e l  of  CO a t  longer  t imes .  Higher temperatures  f a v o r  g r e a t e r  
CO product ion but  t h e  "overshoot" becomes p r o g r e s s i v e l y  l e s s  sha rp .  

The i n h i b i t i o n  e f f e c t  o f  p r e s s u r e  on g a s i f i c a t i o n  i s  n o t  c l e a r l y  ev iden t  i n  
these  f i g u r e s ,  bu t  becomes more so upon a n a l y s i s  of  t h e  q u a s i - s t e a d y - s t a t e  gas i -  
f i c a t i o n  r a t e  a t t a i n e d  a f t e r  " l eve l ing -o f f "  o f  t h e  t r a n s i e n t  cu rves .  
From t h e  s to i ch iomet ry  of t h e  o v e r a l l  r e a c t i o n :  

+ h i s  procedure i s  repeated u n t i l  
I n  t h e  c u r r e n t  work 

Th i s  was done because 

The CO t r a n s i e n t  r e sponses  f o r  t h e  experimental  runs conducted with two par-  

A c + co2 -c- 2 co R3) 
For cont inuous pu re  C 0 2  g a s  f eed ,  t h e  " s t e a d y - s t a t e "  g a s i f i c a t i o n  r a t e  i s  given by 

-1 dc - 1 d[COl = pcoss pcossq 
wss = - - d t  - 2 r  d t  2Co(l-X)RT 2CoRT 

- 

f o r  n e g l i g i b l y  small  carbon conve r s ion  ( i . e . ,  x 2 0 ) .  
Equation 10 can be r ea r r anged  t o  

t w  'ss t q J I 

The (Pco2/Pco)ss i n  t h i s  e x p r e s s i o n  can be eva lua ted  from t h e  q u a s i - s t e a d y - s t a t e  
va lues  A p l o t  of  t h e  r ight-hand 
s ide o f  Equation 11 ve r sus  PCO 
The observed l i n e a r  dependence2ss 
u r e  suggests  a " s t eady- s t a t e "  r a t e  expres s ion  of  t h e  form: 

obtained a t  t h e  end of  t h e  t r a n s i e n t  pe r iod .  
a t  c o n s t a n t  temperature  i s  p resen ted  i n  Figure 5. 

of t h e  g a s i f i c a t i o n  r a t e  on C02  p a r t i a l  p re s s -  

o r  
J l P C 0 2  

wss = 1 + ( j l / j 2 ) P c o 2  
13) 

Equation 13 is t h e  same s t e a d y - s t a t e  r a t e  form observed by Ergun (24 ) ,  w i th  
j ,  = klC 
t h e  g a s i & c a t i o n  r a t e .  

(251, seven parameters ;  t h e  Shaw model ( 2 6 ) .  f i v e  parameters ;  t h e  Mentser and 
Ergun mechanism ( 2 7 ) ,  f i v e  pa rame te r s ;  t h e  Ergun mechanism (24) ,  fou r  parameters ;  
and t h e  two-step mechanism found a p p r o p r i a t e  i n  the  c u r r e n t  work ( t h r e e  parameters) .  
Due t o  t h e  low l e v e l s  of  CO p r e s e n t  i n  t h e  r e a c t o r  under  t h e  c u r r e n t  experimental  

and j 2  = k2Cso, and c l e a r l y  shows t h e  i n h i b i t i n g  e f f e c t  of p r e s s u r e  on 

Seve ra l  models were f i t  t o  t h e  t r a n s i e n t  d a t a :  t h e  Blackwood and Ingeme model 
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c o n d i t i o n s ,  on ly  t h e  l a t t e r  model f i t s  t h e  d a t a  a c c u r a t e l y  s i n c e  t h e  o t h e r s  a l l  
have CO r e a c t i o n  pa ths  which a r e  super f luous  f o r  our  d a t a .  

Arrhenius  temperature dependence. 
of temperature y ie lded  t h e  fo l lowing  expres s ions :  

The r e s u l t a n t  parameter va lues  f o r  t he  two-step mechanism exh ib i t ed  d i s t i n c t  
Numerical f i t s  o f  a l l  t h e  d a t a  a s  a func t ion  

-55,500 exp I KT 1 min-latm-1 11 kl = 6.13  x 10 

9 -44 ,800  - 1  and k 2  = 9.98 x 10  exp 

Also,  f o r  t h e  f i r s t  time i n  t h e  same experiment,  t h e  concen t r a t ion  of a c t i v e  c a r -  
bon s i tes  expressed a s  g mol/g mol C ,  was determined fo r  t h e  coconut char  t o  be :  

cso = 1 . 7 0  x lo-'  exp - 16) I 27,:00 I 
This  i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e  concen t r a t ion  has  a nega t ive  " a c t i v a t i o n  
energy". I n  o t h e r  words, a t  h igher  tempera tures ,  i n i t i a l l y  a c t i v e  s i t e s  become 
deac t iva t ed ;  v i z . ,  

'f 'i . R 4 )  
a c t i v e  i n a c t i v e  

This  d e a c t i v a t i o n  phenomenon agrees  wi th  some o f  t h e  f i n d i n g s  of Duval (28) and 
Blackwood e t  a l .  ( 2 9 ) ,  which a r e  d i scussed  f u r t h e r  below. 

I t  i s  of i n t e r e s t  t o  compare t h e  va lues  of the a c t i v a t i o n  ene rg ie s  ob ta ined  i n  
t h e  p r e s e n t  s tudy  f o r  t h e  two s t e p s ,  R 1  and R2, with  cor responding  va lues  r epor t ed  
i n  t h e  l i t e r a t u r e .  
I t  i s  ev iden t  t h a t  t h e  apparent  a c t i v a t i o n  energy f o r  t h e  two common k i n e t i c  
s t e p s  v a r i e s  cons ide rab ly  from one s tudy  t o  another ;  wi th  E i  ranging  from -27 t o  
+76 kca l /g  mol and E 2 '  from -17 t o  + 9 3  kca l /g  mol. This  v a r i a t i o n  can be  a t  l e a s t  
p a r t i a l l y  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  exper imenta l  d a t a  a n a l y s i s  techniques ,  a s  
w e l l  as t h e  p a r t i c u l a r  r e a c t i o n  mechanism assumed. I t  should a l s o  be noted t h a t  i n  
a l l  t h e s e  s t u d i e s ,  t h e  r a t e  parameters  a r e  r epor t ed  as t h e  product  of t h e  a c t i v e  
s i t e  concen t r a t ion  , Cso,  and t h e  i n t r i n s i c  r a t e  c o n s t a n t ,  k.  Hence, t h e  appa ren t  
a c t i v a t i o n  ene rg ie s  a l s o  r e f l e c t  any v a r i a t i o n  of Cso w i th  tempera ture .  
words, t h e  d i f f e r e n c e  i n  t h e  types  o f  cha r  and exper imenta l  c o n d i t i o n s  can  account  
f o r  t h e  wide range o f  a c t i v a t i o n  ene rg ie s  ev ident  i n  Tab le  I .  
Johnson ( 3 0 ) ,  Cso is expected t o  dec rease  wi th  i n c r e a s i n g  coa l  r ank .  
gene ra l  t r end  i s  s u b s t a n t i a t e d  i n  t h e  case  of k2Cs0 by t h e  l a r g e  a c t i v a t i o n  ener -  
g i e s  observed f o r  t h e  high p u r i t y  carbon (e .g. ,  Ceylon g r a p h i t e ,  Spheron 6 carbon, 
a c t i v a t e d  carbon, and g r a p h i t e )  used by Ergun (24) and Mentser and Ergun ( 2 7 ) ,  
v i s -a -v i s  t h e  much smaller tempera ture  c o e f f i c i e n t s  found f o r  coconut c h a r  by 
Gadsby e t  a l .  (31) ,  Long and Sykes ( 3 2 ) ,  and also i n  t h e  c u r r e n t  work. 

y t i c  impur i t i e s  i n  t h e  c h a r .  
t h e  work of Long and Sykes ( 3 2 )  with  coconut cha r  where E2 
kca l /g  mol upon removal of minera l  i m p u r i t i e s  with hydroch lo r i c  and hydro f luo r i c  
a c i d s .  

ene rg ie s  obta ined  i n  t h e i r  work wi th  d i f f e r e n t  forms o f  h igh  p u r i t y  carbon were 
due t o  a cons t an t  number of a c t i v e  s i t e s ,  , independent of tempera ture ,  and 
thus  r e f l e c t e d  t h e  t r u e  a c t i v a t i o n  energie:s80r t h e  r e a c t i o n  s t e p s .  This  hypothe- 
sis i s  not a t  a l l  unreasonable  s i n c e  Cso should no t  dec rease  i n d e f i n i t e l y  wi th  
c o a l  rank, bu t  r a t h e r  t h e  a c t i v e  s i t e  concen t r a t ion  should  a t t a i n  some cons t an t  
asymptot ic  va lue  f o r  t h e  h igh  p u r i t y  carbons .  
by Mentser and Ergun a r e  t h e  " t rue"  tempera ture  c o e f f i c i e n t s  f o r  R1 and R2 (wi th  
E l  = 53.0 kca l /g  mol and E2 = 58.0 kca l /g  mol),  then  t h e i r  r e s u l t s  a g r e e  reasonably  
we l l  with t h e  i n t r i n s i c  a c t i v a t i o n  ene rg ie s  found i n  t h e  c u r r e n t  work (E1 = 55.5 
kca l /g  mol and E 2  = 4 4 . 8  kca l /g  mol).  

Tab le  I summarizes t h e  r e s u l t s  o f  p rev ious  i n v e s t i g a t o r s .  

I n  o t h e r  

As i nd ica t ed  by 
In  f a c t ,  t h i s  

D i f f e rences  i n  a c t i v a t i o n  ene rg ie s  can  a l s o  b e  a t t r i b u t e d  t o  presumably c a t a l -  
This  e f f e c t  i s  e s p e c i a l l y  p r y o u n c e d  ( f o r  kZCso) i n  

changed from 3 8  t o  66 

On t h e  o t h e r  hand, Mentser and Ergun ( 2 7 )  argued t h a t  t h e  cons t an t  a c t i v a t i o n  

I f  t h e  a c t i v a t i o n  ene rg ie s  r epor t ed  
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Other  d i f f e r e n c e s  i n  E l '  and E 2 '  a r e  probably numerical  i n  o r i g i n .  For  in-  

s t ance ,  Golovina (33) f i t t e d  s e v e r a l  s i m p l i f i e d  forms of  t h e  - g a s i f i c a t i o n  
r a t e  expres s ion  t o  d a t a  ( i . e . ,  due t o  p o s s i b l e  changes i n  mechanism a t  var ious 
c o n d i t i o n s ) ,  and r epor t ed  d i f f e r e n t  E '  va lues  f o r  t h r e e  d i f f e r e n t  regimes o f  
p re s su re  and t empera tu re .  However, t h e  nega t ive  a c t i v a t i o n  e n e r g i e s  obtained a r e  
i n d i c a t i v e  of improper a n a l y s i s  of k i n e t i c  d a t a .  
same r a t e  form can g i v e  r i s e  t o  d i f f e r e n t  apparent  a c t i v a t i o n  ene rg ie s  i n  d i f f e r -  
ent temperature  regimes b u t  o v e r  t h e  same p r e s s u r e  range ( s e e  Table  I , a s  
r epor t ed  by Golovina,  a l s o  a rgues  a g a i n s t  t h e  i n h e r e n t  v a l i d i t y  of  t he  proposed 
r a t e  expres s ion  and t h e  r e a c t i o n  r a t e  - c o n t r o l l i n g  zone claimed by t h e  i n v e s t i -  
g a t o r .  

now addres sed .  F i r s t ,  t h e r e  was no d i s c e r n i b l e  d i f f e r e n c e  i n  t h e  g a s i f i c a t i o n  
r a t e  behavior  of  t h e  1 . 6  mm and 2.68 mm coconut cha r  p a r t i c l e s .  Also,  t h e  r e s u l t -  
a n t  model parameters  f o r  t h e  two-s t ep  mechanism e x h i b i t  e s s e n t i a l l y  t h e  same temp- 
e r a t u r e  dependence f o r  bo th  p a r t i c l e  s i z e s .  
polymodal pore size d i s t r i b u t i o n  wi th  most of t h e  i n t e r n a l  s u r f a c e  a r e a  a v a i l a b l e  
i n  pores of molecular dimensions (super  micropores) (34 ) .  Thus,  even though the  
i n s e n s i t i v i t y  t o  p a r t i c l e  s i z e  i n d i c a t e s  no bulk d i f f u s i o n a l  l i m i t a t i o n  ( i . e . ,  i n  
t h e  macropores),  i f  d i f f u s i o n  i n  t h e  micropores  were t h e  l i m i t i n g  r e s i s t a n c e  t o  
cha r  g a s i f i c a t i o n ,  p a r t i c l e  s i z e  would not  n e c e s s a r i l y  have any e f f e c t ;  i . e . ,  
t h e  c h a r a c t e r i s t i c  s i z e  of  t h e  microporous m a t e r i a l  i n  both p a r t i c l e  s i z e s  i s  
s i m i l a r .  In  a d d i t i o n ,  micropore d i f f u s i o n  i s  known to  be a c t i v a t e d  (35 ) .  Thus i f  
i t s  r a t e  is comparable t o  t h e  k i n e t i c  r a t e ,  o r  r a t e - c o n t r o l l i n g ,  i t s  a c t i v a t i o n  
energy would be included i n  t h e  o v e r a l l  apparent  a c t i v a t i o n  energy.  

WYODAK 35 x 60 c h a r  a t  800°C is g iven  by Debelak and Mal i to  (36) a s  D / r 2  = 1.68 
min-l f o r  f r e s h  c h a r  ( i . e . ,  x = 0 ) .  The coconut cha r  g a s i f i c a t i o n  r a t e  a t  800°C 
and 1 atm i n  pu re  CO 32: !3 given by Equation 1 3  wi th  t h e  r a t e  parameters  reported 
h e r e ,  i s  1 . 1 6  x 10- min . Thus, i f  t h e  microporous s t r u c t u r e  o f  t h e  WYODAK and 
coconut c h a r s  a r e  a t  a l l  s i m i l a r ,  t h e  observed g a s i f i c a t i o n  r a t e  is t o o  small  by 
t h r e e  orders-of-magnitude t o  be micropore d i f f u s i o n - c o n t r o l l e d .  
h i g h e s t  p o s s i b l e  c o n s t a n t  asymptot ic  g a s i f i c a t i o n  r a t e  ( i . e . ,  a t  high p res su re )  of 
4 . 0 2  x 10-3min-1 a t  800°C, t h e  r e a c t i o n  i s  s t i l l  d e f i n i t e l y  r e a c t i o n  r a t e - c o n t r o l l -  
ed . 
t h e  parameters  k l  and k 2  found i n  t h e  p r e s e n t  s tudy a r e  i n t r i n s i c  and i n  agree-  
ment with t h e  gene ra l  t r end  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

The nega t ive  " a c t i v a t i o n  energy" e x h i b i t e d  by t h e  a c t i v e  s i t e  concen t r a t ion  
i s  c o n s i s t e n t  with the  r e s u l t s  of  Duval (28) ,  who p resen ted  s t r o n g  evidence t h a t  
a c t i v e  si tes on a g r a p h i t i c  l a t t i c e  d i sappea r  spontaneously wi th  r e a c t i o n  temper- 
a t u r e  by a p rocess  termed thermal "healing" o r  "anneal ing".  Thus,  i n  e f f e c t ,  
a c t i v e  si tes a r e  sub jec t ed  t o  two modes of  d e p l e t i o n :  r e a c t i o n  w i t h  a gas  phase 
molecule and thermal n e u t r a l i z a t i o n .  Boulangier  (37) a l s o  noted t h e  same e f f e c t  
i n  carbon - C02 and carbon-steam systems.  A s i m i l a r  t r end  was r e p o r t e d  by Black- 
wood e t  a l .  (29) and Johnson (30) i n  s t u d i e s  o f  t h e  e f f e c t s  of coa l - cha r  prepara-  
t i o n  temperatures .  Blackwood et  a l .  (29) c o r r e l a t e d  t h e i r  r e s u l t s  f o r  hydrogen 
g a s i f i c a t i o n  r a t e  c o n s t a n t s  i n  terms of  k = k* exp (E /RT ) exp(-E /RT ) ,  where 
Tg and T a r e  t h e  g a s i f i c a t i o n  and cha r  p r e p a r a t i o n  t empera tu res ,  gespec t ive ly .  
For brown c o a l  c h a r s  g a s i f i e d  i n  hydrogen a t  25 atm with Tp = Tg, t h e s e  workers 
found E 
Tp = T;in t h e s e  cha r  r e a c t i v i t y  s t u d i e s  and c o n d i t i o n s  i n  t h e  c u r r e n t  work where- 
by t h e  coconut c h a r  was he ld  a t  t h e  r e a c t i o n  temperature  i n  an argon atmosphere fo r  
r e l a t i v e l y  long pe r iods  of t ime p r i o r  t o  imposing t h e  c o n c e n t r a t i o n  s t e p  change 
t o  r e a c t a n t  CO Thus,  t h e  temperature  dependence of C s o  found by Blackwood e t  a l .  
(29) agrees  wefi  with t h a t  found by Duval (28)  and i n  t h e  p r e s e n t  s tudy.  Black- 
wood e t  a l .  (29) proposed t h a t  t he  dec reas ing  r e a c t i v i t y  with i n c r e a s i n g  temper- 
a t u r e  i s  due t o  rearrangement of t h e  carbon s t r u c t u r e  i n t o  a more s t a b l e  r i n g  

I n  a d d i t i o n ,  t h e  f a c t  t h a t  t h e  

The e f f e c t  of i n t r a p h a s e  mass t r a n s p o r t  r e s i s t a n c e  on t h e  r a t e  c o n s t a n t s  i s  

However, cha r s  g e n e r a l l y  e x h i b i t  a 

The d i f f u s i o n  parameter  ( d i f f u s i o n  t ime cons t an t )  of C 0 2  i n  t h e  micropores of 

Even a t  t h e  

Based on t h e s e  obse rva t ions ,  it is concluded t h a t  t h e  a c t i v a t i o n  ene rg ie s  f o r  

P P  6 .  
P 

= 20 kca l /g  mol. I t  i s  noted t h a t  t h e r e  i s  a d i r e c t  a alogy between 
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l a t t i c e ,  thereby reducing  t h e  a v a i l a b i l i t y  of f ree  TI e l e c t r o n s  f o r  t h e  format ion  
of complexes a t  edges,  and s t a b i l i z i n g  p rev ious ly  u n s t a b i l i z e d  bonds. 

6 .  CONCLUDING REMARKS 

The e f f i cacy  o f  apply ing  t h e  exper imenta l  appa ra tus  and t r a n s i e n t  response  
techniques  t o  heterogeneous char -gas  r e a c t i o n s  has  been s u c c e s s f u l l y  demonstrated 
f o r  co2 g a s i f i c a t i o n .  T h i s  approach promises t o  be a va luab le  too l  f o r  de te rmin-  
ing mechanisms and r a t e  parameters  f o r  d i r e c t  u s e  i n  modeling, des ign ,  and ana ly -  
s is  of new or  e x i s t i n g  g a s i f i c a t i o n  and r e l a t e d  systems. 
being taken i n  s tudying  g a s i f i c a t i o n  r e a c t i o n s  wi th  o t h e r  gases  and mix tu res .  

A s i m i l a r  approach i s  
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